Antarctic krill form some of the highest concentrations of animal biomass observed in the world's oceans potentially due to their prolific ability to swarm. Determining the movement of Antarctic krill within swarms is important to identify drivers of their behaviour and their biogeochemical impact on their environment. We examined vertical velocity within approximately 2000 krill swarms through the combined use of a shipborne echosounder and an acoustic Doppler current profiler. We revealed a pronounced downward anomaly in vertical velocity within swarms of 20.6 cm s 21 compared with vertical motion outside the swarm. The anomaly changed over the diel cycle, with smaller downward anomalies occurring at night. Swarms in regions of high phytoplankton concentrations (a proxy for food availability) also exhibited significantly smaller downward anomalies. We propose that the anomaly is the result of downward velocities generated by the action of krill beating their swimming appendages. During the night and in high phytoplankton availability, when krill are more likely to feed to the point of satiation, swimming activity is lowered and the anomaly is reduced. Our findings are consistent with laboratory work where krill ceased swimming and adopted a parachute posture when sated. Satiation sinking behaviour can substantially increase the efficiency of carbon transport to depth through depositing faecal pellets at the bottom of swarms, avoiding the reingestion and break-up of pellets by other swarm members.
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Antarctic krill form some of the highest concentrations of animal biomass observed in the world's oceans potentially due to their prolific ability to swarm. Determining the movement of Antarctic krill within swarms is important to identify drivers of their behaviour and their biogeochemical impact on their environment. We examined vertical velocity within approximately 2000 krill swarms through the combined use of a shipborne echosounder and an acoustic Doppler current profiler. We revealed a pronounced downward anomaly in vertical velocity within swarms of 20.6 cm s 21 compared with vertical motion outside the swarm. The anomaly changed over the diel cycle, with smaller downward anomalies occurring at night. Swarms in regions of high phytoplankton concentrations (a proxy for food availability) also exhibited significantly smaller downward anomalies. We propose that the anomaly is the result of downward velocities generated by the action of krill beating their swimming appendages. During the night and in high phytoplankton availability, when krill are more likely to feed to the point of satiation, swimming activity is lowered and the anomaly is reduced. Our findings are consistent with laboratory work where krill ceased swimming and adopted a parachute posture when sated. Satiation sinking behaviour can substantially increase the efficiency of carbon transport to depth through depositing faecal pellets at the bottom of swarms, avoiding the reingestion and break-up of pellets by other swarm members.
Background
Swarming is a common behavioural trait in pelagic marine organisms that can improve fitness through reducing predation and increasing foraging success [1] . Swarms of Antarctic krill form some of the highest concentrations of animal biomass observed in the world's ocean, reaching densities of up to 2 Mt over an area of 100 km 2 [2] . Krill swarms have been observed in a wide range of configurations such as small compact aggregations (10-100 m long, 2-20 m thick [3] ), extensive layers (41 km long [4] ), superswarms [2] and dispersed formations throughout the water column [5] . The prolific ability of Antarctic krill to swarm may be a major factor in these organisms achieving arguably the highest monospecific biomass of any free-living animal on Earth (200-400 Mt [6] ). Advances in remote sensing and rapid data processing of underway cruise data are achieving unprecedented insights into the biomass distribution of krill swarms [7] . However, our understanding of how krill organize themselves and behave within swarms has not progressed to the same degree because of a lack of in situ observations, particularly in more open ocean environments [8] . Our best insights into within-swarm behaviour are presently from laboratory-based methods which have revealed the mechanisms of individual krill swimming. For instance, Murphy et al. [9] showed that krill swim through a metachronal beating of the pleopods (abdominal swimming appendages). Catton et al. [10] visualized the flow fields generated by free-swimming krill, which were generally downward and of the order of 21 to 24 cm s 21 over a distance of around 4 cm below the krill. This pattern was similar whether the krill were measured singularly or within small coordinated groups. Tarling & Johnson [11] showed that krill may not continuously swim, but alter between periods when the pleopods beat continuously and cease beating altogether. During beat cessation, the pleopods are splayed out as if to control descent, which corresponds to the parachute mode captured by U. Kils using underwater photography of krill in situ (http://www.ecoscope.com). This parachute mode was found to occur more frequently in krill with full stomachs compared to those with empty stomachs [11] . Krill with fuller stomachs also beat their pleopods at a lower frequency and with decreased strength [12] . This suggests that krill undergo satiation sinking, where they descend during periods of digestion to reascend to the surface layers to feed when digestion is complete [13] . One potential means of examining behaviour within swarms is through acoustic Doppler current profilers (ADCPs), which measure Doppler shift in particles, principally as a means of measuring water velocity and direction. The instrument makes its calculations based on the assumption that all ensonified particles move passively [14] , but this assumption may be violated if particles within any ensonifed layers are dominated by directionally swimming organisms. For instance, Wilson & Firing [15] found that residuals from tidal fits to ADCP data were conspicuously large at sunrise, which they considered to be a bias from coherent horizontal swimming of dominant acoustic targets. Demer et al. [16] and Tarling & Thorpe [17] used this bias to measure the horizontal direction and velocity of fish schools and krill swarms, respectively. ADCPs can also measure currents in the vertical dimension. Vertical currents are generally an order of magnitude lower than horizontal currents and any substantial vertical movements resolved by ADCPs are frequently attributed to the vertical migrations of pelagic organisms [18] .
In this study, we measure instantaneous vertical velocities within krill swarms across the Scotia Sea (Southern Ocean) using acoustic information obtained through a combination of a ship-borne ADCP and a multifrequency EK60 echosounder. Our objectives are twofold: first, to discern what identifiable effects krill swarms have on measured vertical flows within the water column; and, second, whether variability in these flows can provide insights into factors affecting the internal organization of krill swarms. In particular, although krill swarms have been documented to undertake diel vertical migration, it is notably variable and even absent in certain instances [19] . Given that some swarms have vertical extents that can span much of the surface mixed layer, there remains the possibility that diel patterns of behaviour exist within the swarms themselves. Furthermore, the substantial thicknesses of many swarms (between 20 and 40 m [20] ) means that not all individuals will be within the layer of greatest food concentration at any one time, suggesting that satiation sinking may be an important mechanism of positional turnover within swarms. Obtaining evidence of such behavioural traits will advance our understanding of how krill swarms operate and their sensitivity to prevailing environmental conditions.
Material and methods
Data were analysed from a survey carried out by the RRS James Clark Ross between 9 January and 16 February 2003 within the Scotia Sea sector of the Southern Ocean. Survey transects were transited at speeds of 9-18 km h 21 and covered approximately 13 000 km (electronic supplementary material, figure S1 ). Acoustic data were collected using a combination of a calibrated Simrad split-beam EK60 echosounder with 38 and 120 kHz transducers and an RD Instruments narrow-band 153.6 kHz ship-mounted ADCP (full details on the configurations of the acoustic instruments and data matching procedures are given in electronic supplementary material). Net deployments were made intermittently along the transects from which krill population structure was determined and used for the parametrization of target identification models. Swarms that were detected within 100 km of any coastline were excluded from the analysis to ensure that the study only considered the open-ocean situation, given that krill adopt different behavioural strategies in more inshore regions [21] . A vertical velocity anomaly (w net , cm s
21
) was determined for each swarm where there was a valid estimate of ADCP derived vertical velocity both within the swarm (w obs ) and outside the swarm (i.e. above and/ or below the swarm, w pre ; electronic supplementary material, dataset S1). w obs was taken to be the vertical velocity from the single ADCP bin corresponding to the mid-depth and mid-length point of the swarm. To determine vertical velocity outside the swarm, the closest bin above and below the swarm's vertical extent at the mid-length point of the swarm was chosen because this allowed all sizes of swarms to be measured on a similar basis. In total, w net was derived for a total of 2043 swarms. The same procedure was followed in a further analysis to identify any artefacts in the w net calculation method and to derive a baseline level of w net to which the influence of krill swarms could be compared. This analysis drew 'fake' swarms of similar dimensions to observed swarms (electronic supplementary material, table S1) in swarm-devoid regions and determined w net as above (see electronic supplementary material). The effect of light on swarm behaviour was tested through matching observed swarms with photosynthetically active radiation (PAR), measured by a parlite quantum sensor (Kipp and Zonen), which collected measurements at 5 s intervals, subsequently averaged into 1 min intervals. Phytoplankton availability for each swarm was derived through matching to the relevant spatial 4 Â 4 km pixel of 8-day synthesized sea surface chlorophyll a (Chl a) images provided by the MODIS instrument on board the Aqua satellite (operated by NASA).
Results (a) Vertical velocity anomalies within krill swarms
Our method compared the vertical velocities (w, cm s
21
) within the swarm with those immediately outside (both above and below the swarm) with derive a vertical velocity anomaly, w net (figure 1). Vertical velocities inside and outside the swarms were significantly different, with median w net being downwards at 20.61 cm s 21 (Mann-Whitney (MW) rank
We verified that the pattern was not an artefact of the processing method through carrying out the same calculations in areas where there were no krill swarms (termed 'fake' swarms) for which we found there to be no significant difference between vertical velocities outside of and within fake swarm regions (MW test, figure 2 ).
(b) Relationship to the diel cycle 
(c) Relationship to surface Chl a w net was significantly more negative in regions with low levels of surface Chl a compared with regions where surface Chl a was high, both when including all times of day and night 
Discussion (a) Vertical velocity anomalies within krill swarms
Through comparing vertical velocities within and immediately outside of swarms, we determined there to be a downward velocity anomaly within swarms of 20.6 cm s
21
. Such an anomaly did not exist over similar dimensions of the water column where there were no krill swarms. Although it can be deduced that krill within swarms are responsible for the anomaly, it remains unclear how they produce it. One possibility is that it reflects the movement of the krill themselves within the body of the swarm. Alternatively, it may be generated by the movement they impart to the water through the beating of their pleopods, assuming that pleopod beating deflects small particles downwards, so generating a negative Doppler shift detectable by the ship-borne ADCP.
Although we do not have direct evidence on how the anomalies are generated within swarms, we can rule out certain explanations based on other available evidence. For instance, if the anomaly is produced by the movement of individuals within swarms, it implies that the average swarm must always be migrating downwards. Swarms are typically found within the top 100 m of the water column and maintain this relatively narrow vertical distribution over diel cycles [19] . Such a bias towards downward moving swarms would be contrary to our understanding of krill swarm distribution and behaviour. It is further possible that the downward anomaly may reflect an avoidance behaviour in krill with respect to the survey ship, as has been found in fish during trawling [16, 22] . However, there were no nets in the water during the acoustic observations included in the present analysis. Furthermore, w net significantly varied according to time of day which rules out a response to ship's noise, which can be assumed to be relatively constant day and night. Another explanation is that krill may be responding to a shadowing of light by the vessel. The average depth of a swarm was 50 m below the vessel, by which depth light is not fully attenuated. We tested this possibility by comparing w net between high and low PAR situations, assuming that any shadowing effect would have been more marked when PAR was high, and found there to be no significant difference in w net between these two light environments. Although some avoidance behaviour cannot be ruled out, it does not offer a consistent explanation for the patterns and cycles we observed in w net .
In the case of the downward deflection of small particles through pleopod beating, it is necessary first to consider the swimming action of Antarctic krill. When swimming, Antarctic krill rely on a mix of both drag-based and momentum-based swimming [10] . Their body size and density means that they are negatively buoyant and must beat their pleopods continuously in order to maintain their position within the water column [23] . When hovering, the majority of the thrust required to maintain position is directed downwards [23] . This may be less the case when swimming forwards although a large downward component is still produced [10] . These downward velocities will collectively dominate the vertical velocity signal wherever the krill are resident in sufficiently high concentrations. Nevertheless, ADCPs do not resolve water movement directly but rely on detecting Doppler shift in particles that are assumed to represent water movement. Within krill swarms, likely candidates of such particles are the background zooplankton communities and suspended particulate matter, as were also resolved in 'fake' swarm regions (areas devoid of swarms that were used as controls). A further matter is that ADCPs average all velocities within respective depth-time bins, which will modulate the influence of specific sources such as the wakes of swimming krill. This, therefore, may explain why our observed anomaly of 20.6 cm s 21 is below the range expected in terms of the downward water movements imparted by swarming Antarctic krill, which are of the order of 21 to 24 cm s 21 [10] .
(b) Diel periodicity in anomalies
We found that the downward vertical velocity anomaly was significantly greater during the daytime than in other phases of the 24 h cycle. The downward anomaly was around 20.7 cm s 21 during the day compared with around 20.1 cm s 21 during dusk and night-time. The diel change in this anomaly implies that the swimming behaviour of individuals within the swarm must also be altering on a diel basis. Assuming that the anomaly is the result of the downward velocity imparted to the water by krill pleopod beating, it follows that either the power or the duration of these beats decreases during the night. In free-running dark and light : dark incubations, Gaten et al. [24] found that krill have complex diel rhythms in swimming behaviour made of two circadian components, one shorter than 24 h and one longer than 24 h, to which is added a further 12 h rhythmic component. Godlewska [19] also identified a 24 h and 12 h component in the diel vertical migration patterns of Antarctic krill derived from acoustic and net sample analyses. We propose that one manifestation of this behavioural periodicity is phases of stronger and weaker pleopod beating over the course of the day-night cycle.
One interesting observation was the positive anomaly of 0. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20172015 observation). The positive anomaly may be the one instance where the upward movement of the krill themselves dominates the ADCP estimate of vertical velocity. Such upward anomalies are consistent with ADCP observations of other swarming euphausiid species during upward migration phases [25] .
(c) Satiation sinking in krill swarms
Our further finding was that downward velocities were significantly lower in high-phytoplankton food environments (for which surface Chl a was used as a proxy). This suggests that the process of feeding also has implications on krill swimming behaviour. At an individual level, laboratory-based tethering experiments have shown that satiation in krill can cause a decrease in swimming activity and the adoption of a parachute posture which may facilitate periods of controlled sinking [11, 12] . In the natural environment, this implies that swarms within regions of high food availability will be more likely to contain individuals undergoing satiation sinking. In this scenario, a fraction of the krill population stops beating and outsplays their pleopods when their stomachs are full. This means that they will no longer contribute to the generation of downward velocities. The result is a decrease in the overall downward anomaly. It follows that downward anomalies are likely to be smaller in rich feeding environments where satiation is more likely to occur.
Given that sinking individuals must be replaced by other upwardly swimming individuals if the swarm is to remain intact, there will be a continual vertical overturn of individuals within swarms found in food-rich environments. This continual upward and downward movement of individuals will have an impact on swarm organization, particularly inter-individual distances and packing concentrations. In a further analysis taken across all swarms identified during the present survey, we found that packing concentrations were significantly lower both during night-time and in high food environments (MW test: night versus day, U ¼ 101822,
When adopting the parachute posture in satiation sinking mode, krill no longer have the requirement to maintain optimal positions relative to their nearest neighbours, which will lead to swarm structure becoming less organized and more dispersed. Direct demonstrations in controlled conditions would be a logical next step to support this hypothesis.
(d) Influence of swarms on vertical flows and mixing
The vertical velocity anomaly that we observed within krill swarms implies that these swarms have a resolvable and significant impact on the velocities of the bodies of water they occupy. This supports the position of earlier studies considering the influence that krill swarms have on ocean mixing. Huntley & Zhou [26] , for instance, calculated that swarms produce turbulent energy at a rate that is three to four orders of magnitude greater than the background average rate of turbulent energy dissipation. Kunze et al. [27] similarly found turbulence that was three to four orders of magnitude larger during the dusk ascent of a dense acoustic-scattering layer of krill compared with background levels during the day and that this elevated the daily averaged mixing in the inlet by a factor of 100. Nevertheless, further studies have not found evidence of increased turbulence within aggregations of marine organisms or during periods of vertical migration [28, 29] . Although not universal, the impact of swarms and vertical migration on ocean mixing may be significant in certain situations, particularly in the seasonally stratified layers and in coastal regions during summer, facilitating the upward mixing of limiting nutrients from depth [26, 27] . This may indeed be an important process in the continuation of large blooms that are major hotspots for krill [30] .
(e) Biogeochemical impact of satiation sinking
One of the major consequences of the vertical movement of pelagic organisms is that they contribute to the transport of carbon and nitrogen from the food rich layers at the surface to the ocean interior, a process otherwise referred to as the 'biological pump' [31] . In the case of synchronised vertical migration, this would occur at dawn, when organisms that had just fed at the surface migrate downwards and defecate, respire and excrete in the ocean interior [32] . This active transport of materials downwards avoids interception and break-up en route which otherwise limits the efficiency of the passive process of dead matter and faeces sinking through gravity alone from the surface layers to depth. However, the fact that active transport from synchronized vertical migration occurs during just a short time window around dawn limits the overall contribution of this process to the biological pump. Under a scenario of satiation sinking within krill swarms, active transport will occur whenever there is sufficient food available for individuals to become sated and sink [13] . As well as short-circuiting the community of organisms that feed on detritus in the upper water column, this behaviour also ensures that a large fraction of faeces are egested towards the bottom of the krill swarm, so avoiding refiltering and interference by other swarm members.
Our proposal that satiation sinking is common within krill swarms is supported by observations showing that krill faecal pellets can dominate the material collected by deep sediment traps at many localities within the Southern Ocean [33] [34] [35] [36] . In the present study region, Manno et al. [37] found that faecal pellets can make up 91% of total sedimentary particulate carbon, with around a fifth being derived from krill. Krill faecal pellets have also been found to dominate sinking material further up the water column, in the region just below the surface mixed layer [38, 39] . Indeed, Belcher et al. [39] found krill faecal pellets were sometimes just as abundant below the surface mixed layer as within it, even though the majority of krill swarms themselves did not extend below the surface mixed layer, showing that faecal pellets can be exported from swarms very efficiently. This would not be the case if the majority of faecal pellets were generated randomly within swarms and had to pass through much of the swarm before being exported rather than being produced mostly towards the bottom of swarms as a result of satiation sinking. The contribution to the biological pump of satiation sinking within krill swarms can be substantial, potentially sequestering 23 Mt of carbon to the ocean interior each year within the Southern Ocean [11] .
Conclusion
Our evidence shows that the presence of krill swarms produces a downward anomaly in the background level of vertical movement in the water column of 20.6 cm s
21
. Rather than being the result of the movement of individual krill within the swarm, we rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20172015 interpret this anomaly to be the product of the downward velocities generated by krill beating their pleopods continuously and so allowing them to overcome their negative buoyancy and remain pelagic. The downward anomaly was found to be significantly smaller during night-time and in regions of high phytoplankton food availability (high Chl a) when feeding levels are likely to be high. The latter result is congruent with the findings of laboratory experiments in which krill with full stomachs were more likely to cease beating and outsplay their pleopods in a phase of controlled sinking. The consistency between in situ observations and laboratory results indicates that satiation sinking is likely to be a common feature within krill swarms. Satiation sinking can increase the probability of faecal pellets remaining intact and sinking to depth. This may help to explain the high concentrations of krill faecal pellets found below the surface mixed layer and at bathypelagic depths within the Southern Ocean.
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